We bring together two areas of terahertz (THz) technology that have benefited from recent advancements in research, i.e., graphene, a material that has plasmonic resonances in the THz frequency, and quantum cascade lasers (QCLs), a compact electrically driven unipolar source of THz radiation. We demonstrate the use of single-layer large-area graphene to indirectly modulate a THz QCL operating at 2.0 THz. By tuning the Fermi level of the graphene via a capacitively coupled backgate voltage, the optical conductivity and, hence, the THz transmission can be varied. We show that, by changing the pulsing frequency of the backgate, the THz transmission can be altered. We also show that, by varying the pulsing frequency of the backgate from tens of Hz to a few kHz, the amplitude-modulated THz signal can be switched by 15% from a Blow[ state to a Bhigh[ state.
Introduction
Graphene, a single layer of carbon atoms arranged in a honeycomb lattice, is an extremely attractive material for terahertz (THz) optics. It exhibits a linear energy-momentum relationship, which allows for broadband applications. The plasmonic excitations in graphene are described by massless Dirac fermions where the plasmon frequency varies as a function of N 1=4 as compared with N 1=2 in conventional semiconductor systems. Here, N is the charge carrier density. These plasmons can be amplified by coupling to intraband transitions, enabling stimulated emission at THz frequencies [1] . The plasmon frequency can be further tuned to resonance by patterning graphene into microribbons allowing manipulation of THz radiation by graphene-based metamaterials [2] . Recently, THz notch filters have been demonstrated in graphene/insulator/graphene microdisks [3] . In the field-effect transistor (FET) configuration, graphene can also act as a photodetector, where the incident THz radiation is rectified and a dc voltage appears across the source-drain electrodes [4] .
In this paper, we demonstrate a graphene-based THz modulator operating at room temperature, which can be used to control the transmission from a quantum cascade laser (QCL) emitting at 2.0 THz. QCLs are compact unipolar electrically driven lasers that are currently cited as one of the most promising sources of THz radiation with applications in ultrafast spectroscopy, nondestructive testing, communications, security screening, and biomedical imaging [5] . QCLs rely on intersubband transitions in multiple quantum-well heterostructures to achieve generation and light amplification by electrical pumping. Progress in QCLs over the past few years has led to sources that are broadband (up to 1 THz bandwidth) [6] and powerful (248 mW) [7] , and can operate at temperatures up to 200 K [8] . Previous means of modulating the transmission of a THz QCL relied on direct modulation of the bias voltage by application of an RF signal (up to a few GHz) together with a dc bias [9] . External THz QCL modulators based on electrically driven active metamaterial structures fabricated on semi-insulating GaAs have been reported in the past, with modulation depth $60% [10] . This paper builds on the recent demonstration of a large-area graphene-based modulator that can be used to manipulate carrier frequencies $570-630 GHz [11] . Theoretically, it is possible to achieve modulation depth G 90% with a graphenebased modulator [12] . THz transmission through graphene is a function of its conductance, i.e., available density of states for intraband transitions [13] , [14] . On tuning the Fermi level ðE F Þ of graphene with an applied gate voltage, the conductivity ð!Þ and, hence, the THz transmission of the graphene T ð!Þ referenced to the Si=SiO 2 substrate T s ð!Þ can be controlled as
where n s is the refractive index of the silicon substrate ($3.41), and Z o is the vacuum impedance (376.7 ) [15] . Previous work on broadband modulation [11] relied on Schottky-diode detection of the amplitudemodulated carrier frequency signal from Bhigh[ to Blow[ by switching the applied gate voltage on graphene over millisecond time scales. However, in the frequency range of 1-5 THz, switching of amplitude-modulated THz signals is difficult to detect in time, primarily because of the slow response (4-300 Hz) of the available THz detectors. In this paper, we record the modulated THz transmission by sweeping the frequency of the applied gate voltage ðf mod Þ on graphene while applying a second slow modulation to the QCL ðf ref Þ. The response is detected by measuring the average THz power as P avg , where
The average THz power is switched from a Bhigh[ to Blow[ state by switching the frequency of the backgate voltage on graphene from high ðf mod 9 f cutoff Þ to low ðf mod G f cutoff Þ.
Experimental Details
The large area (10 mm Â 10 mm) single-layer graphene used in our studies was grown on a copper substrate via chemical vapor deposition (CVD). The copper was subsequently etched, and the graphene film transferred onto a doped Si wafer covered with 300-nm-thick SiO 2 layer. Ti/Au electrodes were evaporated to form the source and drain contacts. The doped Si formed the backgate for the graphene device [see Fig. 1(a) ]. Mobilities of up to $3000 cm 2 =ðV Á sÞ were extracted from Hall bar measurements [16] , [17] . The graphene was confirmed as monolayer by Raman spectroscopy [see Fig. 1 
The graphene was first characterized for its broadband response. Fig. 2 shows the THz timedomain spectroscopy (TDS) measurements on large-area graphene biased at different gate voltages. The measurements were done in a dry atmosphere (N 2 purged) at room temperature. An ultrafast femtosecond (12 fs) pulse laser, with a repetition rate of 80 MHz, incident on a photoconductive antenna is used as a broadband THz source. The transmitted radiation was detected by electrooptic sampling. The full description of the system can be found elsewhere [18] .
The THz power spectrum [see Fig. 2(a) ] is obtained by taking a fast Fourier transform of the time domain data [see Fig. 2(b) ]. THz transmission of graphene at ! ¼ 2:0 THz as a function of backgate voltage V bg is shown in the magnified trace in the inset in Fig. 2(a) . At V bg $ þ50 V, the Fermi level
is close to the Dirac point. Here, v F ¼ 10 6 m/s is the Fermi velocity of charge carriers. At this point ðV bg $ þ50 VÞ, the carrier density N and the conductivity is at minimum.
According to (1) , the THz transmission of graphene referenced to that of the Si/SiO 2 T ð!Þ=T s ð!Þ is maximum (75%) at this backgate voltage. The transmission falls from 75% (for V bg ¼ þ50 V) to 70% (for V bg ¼ 0 V) to 60% (for V bg ¼ À50 V) when the carrier density N is increased by tuning the E F away from the Dirac point. The optical conductivity ð!Þ increases nonlinearly as expected from theory [14] . Fig. 2(c) shows the ac conductivity as a function of backgate voltage at ! ¼ 2:0 THz. As expected, the ac conductivity as a function of frequency (not shown) follows Drude-like behavior ð!Þ ¼ iD=ð! þ iÀÞ, where À is the scattering constant ðÀ ¼ 184 cm À1 Þ, and D ¼ v F e 2 ffiffiffiffiffiffiffi N p is the Drude weight [13] . The dc conductivity determined from the THz transmission spectra as dc ¼ D=À $ 2:7 Â 10 3 À1 agrees with the dc electrical conductivity of graphene determined as dc ¼ Ne $ 1:92 Â 10 3 À1 , where N $ 4 Â 10 12 in graphene. The THz QCL operating at 2.0 THz [ Fig. 3(a) ] was grown epitaxially on a semi-insulating GaAs substrate in a bound to continuum design [19] . Since the large-area graphene shows a nominally flat transmission response around 2 THz, it is possible to modulate the THz transmission independently of the operating frequency of the QCL. A 250 m Â 3 mm single plasmon waveguide laser was mounted on to a copper block and operated at 4.2 K. In the pulsed mode, the QCL operates up to a maximum temperature of 70 K [see Fig. 3(b) ]. The experimental setup is shown in Fig. 4 15 Hz to 60 Hz. However, the amount of signal detected on the lock-in amplifier for both is well above the noise floor of our measurement setup ðSNR dB 9 25Þ. The radiation emitted by the QCL source is collected by a pair of F2 parabolic mirrors and is focused onto the THz detector. The graphene-based FET is placed directly in front of the THz detector, at a maximum spacing of 5 mm. The source contact on graphene is grounded. The average THz power is modulated by changing the pulse frequency applied to the backgate of graphene. The backgate is pulsed from 0 to þ50 V at a frequency that we denote as f mod . The duty cycle for this pulse is kept at the same value as for the f ref .
The modulated signal is measured as the average THz power P avg carried in the 60-Hz envelope on the lock-in amplifier. For better alignment, the beam spot can be further reduced by placing an aperture in front of graphene. We note that the modulation depth is independent of fluence of the incident beam, varied from 60 mW/cm 2 to 360 mW/cm 2 . We observe that the average THz power ðP avg Þ detected by the Golay first falls to a certain minimum at f mod ¼ f cutoff , which is the cutoff frequency. This is where the drain source current I ds (see inset in Fig. 5 ) remains constant. Note that I ds is given by the following equation for a standard MOSFET, where W and L are the width and length of the graphene channel and sat is the saturation velocity:
Results and Discussion
According to (1), the peak THz power P peak , transmitted through graphene below the cutoff remains constant. However, the time period of the transmitted power is changed because of the change in f mod . The detector then measures the average power which varies inversely with f mod (2) . The drainsource current starts to roll off at f 3dB ¼ 10 KHz. This rolloff is explained by the capacitance of the large area SiO 2 gate, at which point the carrier density N induced by the gate falls. Therefore, at this point, the transmitted THz power through graphene, i.e., P peak increases. Note that (1) and (3) suggests that the transmitted power is proportional to I À2 ds . The average THz power P avg detected by the Golay starts to increase in spite of the inverse dependence on frequency. For an f mod ¼ 80 KHz, the depth of modulation is observed to be $15%. 5 ). However, it can be seen that the measured signal is limited by the response time of Golay [see Fig. 6(a) ]. When the same experiment was repeated using a bolometer [see Fig. 6(b) ], the speed of response improves by a factor of 1000. We also observe an overshoot and then decay of the THz signal, which we believe is independent of the bolometer's response time. This transient behavior arising possibly because of device parasitic capacitance or photocurrent saturation is not yet fully understood and is under investigation.
We observe that an improvement of a factor of 2 can be made by operating the graphene between AE50 V (a voltage limitation on our pulser). Another handle on improving the modulation depth is possibly via chemical doping of graphene, with increase in N to $10 14 cm À2 with an ionic gel instead of a backgate. The frequency f cutoff depends on the RC time constant of the graphene device and can be potentially increased from a few kHz to a few MHz by reducing the size of graphene down to the THz beam spot size (0.5 mm Â 0.5 mm). It might also be possible to achieve THz modulation at $GHz frequencies by using an array of high-frequency graphene FETs [20] . Theoretically, the modulation depth can also be increased by employing multiple graphene layers stacked on top of each other, separated by an insulator [3] , [11] . In this type of device architecture when one layer is biased at the Dirac point and the other layer is biased away from the Dirac point, it is possible to achieve a THz transmission nearing zero. It is also possible to achieve a narrow-band metamaterial-based modulator in graphene by patterning graphene into microribbons [2] . On tuning the graphene in and out of plasmon resonance by changing the carrier concentration, the transmission can be switched from Bhigh[ to Blow.[ All these separate approaches suggest that there still remains an opportunity to optimize and design a highly efficient compact graphene-based THz modulator. 
Conclusion
We have shown that the THz power from a QCL can be modulated by applying a gate pulse to large-area CVD-grown graphene. The average THz power measured on the detector increases with increase in pulsing frequency f mod after a certain cutoff. The f cutoff , which is function of the intrinsic RC time constant, corresponds to the rolloff in graphene conductance. The THz signal can be amplitude modulated from a Blow[ to a Bhigh[ state, by switching the backgate voltage on graphene from 0-V dc (or f mod G f cutoff ) to a high frequency pulse, with f mod 9 f cutoff .
